Transcription-coupled repair (TCR) plays an important role in removing DNA damage from actively transcribed genes. It has been speculated that TCR is the most important mechanism for repairing DNA damage in non-dividing cells such as neurons. Therefore, abnormal TCR may contribute to the development of many age-related and neurodegenerative diseases. However, the molecular mechanism of TCR is not well understood. Oligonucleotide DNA triplex formation provides an ideal system to dissect the molecular mechanism of TCR since triplexes can be formed in a sequence-specific manner to inhibit transcription of target genes. We have recently studied the molecular mechanism of triplex-forming oligonucleotide (TFO)-mediated TCR in HeLa nuclear extracts. Using plasmid constructs we demonstrate that the level of TFO-mediated DNA repair activity is directly correlated with the level of transcription of the plasmid in HeLa nuclear extracts. TFO-mediated DNA repair activity was further linked with transcription since the presence of rNTPs in the reaction was essential for AG30-mediated DNA repair activity in HeLa nuclear extracts. The involvement of individual components, including TFIID, TFIIH, RNA polymerase II and xeroderma pigmentosum group A (XPA), in the triplex-mediated TCR process was demonstrated in HeLa nuclear extracts using immunodepletion assays. Importantly, our studies also demonstrated that XPC, a component involved in global genome DNA repair, is involved in the AG30-mediated DNA repair process. The results obtained in this study provide an important new understanding of the molecular mechanisms involved in the TCR process in mammalian cells.
INTRODUCTION
In mammalian cells genomic DNA is constantly damaged by both endogenous and environmental factors. This DNA damage needs to be repaired to maintain genetic fidelity and stability. Many DNA repair systems have evolved to remove DNA damage from the genomes of living organisms. Based on the transcriptional activity of the DNA targets, DNA repair can be distinguished as transcription-coupled repair (TCR) or global genome repair (GGR) (1) . TCR is used for rapid removal of DNA damage in highly transcribed genes, while GGR is used to remove DNA damage from untranscribed DNA regions at a much slower rate. It has been suggested that TCR plays an important role in repairing DNA damage in nondividing cells such as neurons since a low level of GGR was detected in neurons (2) . Therefore, abnormal TCR may contribute to the development of many age-related diseases (3) . At present two genes, CSA (4) and CSB (5) , have been shown to promote TCR (5) (6) (7) (8) (9) (10) . Other components, such as TFIIH, RNA polymerase II (Pol II), BRCA1, hMLH1 and HMLH2, have also been implicated in the TCR process (11) (12) (13) (14) (15) (16) (17) (18) . In the case of GGR the XPC (19) and XPE genes (20) were found to be involved in this DNA repair process (21) (22) (23) . However, the molecular mechanisms involved in TCR are not well understood and the correlation between TCR and GGR has not been established.
Oligonucleotides can be designed to bind to homopurine/ homopyrimidine sequences of double-stranded DNA targets in a sequence-specific manner to form Hoogsteen triple helix structures (24, 25) . Triplexes have been used to inhibit transcription of many genes both in vitro and in vivo (26) (27) (28) (29) (30) (31) (32) (33) . In our previous studies DNA triplexes were found to lead to targeted mutagenesis (34) . This triplex-mediated targeted mutagenesis is thought to result from triplex-mediated transcription inhibition and TCR, since the structure of the triplexes does not cause any chemical alterations in the DNA template. However, the molecular basis of triplex-mediated TCR and targeted mutagenesis has not been established.
In this study, using triplex-forming oligonucleotides (TFOs) as transcription inhibition agents, the molecular mechanism of triplex-mediated TCR has been studied in HeLa nuclear extracts. Using plasmid constructs we demonstrate that binding of TFOs induces a much stronger DNA repair activity in promoter-containing plasmids than in promoterless plasmids. This DNA repair activity has been further linked with transcription by the observation that the presence of rNTPs in the reaction was essential for TFO-mediated DNA repair activity. Individual components involved in the triplex-mediated *To whom correspondence should be addressed. Tel: +1 334 414 8259; Fax: +1 334 460 6771; Email: gwang@jaguar1.usouthal.edu DNA repair process have been determined. Most importantly, our studies suggest that XPC protein, which is involved in GGR, is also involved in the TFO-mediated TCR process. The results obtained in this study provide important data concerning the molecular mechanism involved in triplexmediated TCR.
MATERIALS AND METHODS

Oligonucleotides and plasmids
The oligonucleotides used in this study are listed in Table 1 Plasmids pUSAG15 and pUSAG16 were constructed using a standard DNA cloning protocol (35) . Briefly, plasmid pUSAG15 was constructed by inserting a 177 bp DNA fragment containing a 30 bp homopurine/homopyrimidine triplexbinding sequence (36) into the HindIII site of pGL3-Control, a SV40 promoter-driven luciferase reporter gene expression vector (Promega Corp., Madison, WI) ( Fig. 1, top) . Plasmid pUSAG16 was constructed by inserting the 177 bp DNA fragment into the HindIII site of pGL3-Basic, a promoterless luciferase gene plasmid (Promega Corp.) (Fig. 1, bottom) .
Cell lines and preparation of nuclear extracts
Normal human fibroblasts (NF) (GM00637) were obtained from the NIGMS Human Genetic Cell Repository (Camden, NJ) and were maintained in MEM supplemented with 10% fetal calf serum and 2× essential amino acids, non-essential amino acids and vitamins. Xeroderma pigmentosum group A (XPA) (GM02250) cells were obtained from the NIGMS and maintained in RPMI 1640 medium supplemented with 15% heat-inactivated fetal calf serum. Xeroderma pigmentosum group C (XPC) (GM02249) cells were obtained from the NIGMS and maintained in RPMI 1640 medium supplemented with 15% heat-inactivated fetal calf serum. Cockayne's syndrome group A (CSA) (GM01857) cells were obtained from the NIGMS and maintained in RPMI 1640 medium supplemented with 15% heat-inactivated fetal calf serum. All cells were maintained in a tissue culture incubator supplemented with 5% CO 2 .
The nuclear extracts were prepared as described (37) . Briefly, cells were harvested from the cell culture medium by centrifugation (4°C) and washed twice with phosphatebuffered saline (PBS). The cells were suspended in 5 packed cell pellet vol of buffer A [10 mM HEPES, pH 7.9, 1.5 mM 
In vitro DNA repair synthesis assay
The in vitro DNA repair synthesis assay was performed as described (34) using plasmid pUSAG15 or pUSAG16. The plasmid DNA was digested with restriction enzyme XhoI at 37°C for 2 h and then analyzed by agarose gel electrophoresis using a 1% gel. The DNA was visualized under UV after ethidium bromide staining and incorporation of [α-32 P]dCTP was visualized by autoradiography and quantificated using a Bio-Rad G250 phosphorimager (Bio-Rad, Hercules, CA).
Reverse transcription assay
RNA was synthesized from pUSAG15 and pUSAG16 plasmid DNA via an in vitro transcription reaction. The nascent RNA was purified from the reactants, precipitated with ethanol and dissolved in 5 µl of RNase-free H 2 O. The reverse transcription experiment was performed in 25 µl containing 5 µl of RNA, 1× AMV buffer, 1 pmol end-labeled RT primer (which binds to the luciferase mRNA 5′ coding sequence), 200 µM dATP, dCTP, dGTP and dTTP, 10 U AMV reverse transcriptase and 10 U RNase inhibitor. The reactants were preincubated at 95°C for 5 min and then cooled to 42°C before addition of AMV reverse transcriptase and RNase inhibitor. The reactants were incubated at 42°C for 60 min and terminated by addition of 12.5 µl of stop solution (Gibco BRL Cycle Sequencing Kit). The reactants were denatured at 95°C for 5 min and then analyzed by DNA sequencing gel electrophoresis using a 6% gel. Synthesis of specific RNA transcripts was determined by autoradiography and quantitated using a Bio-Rad G250 phosphorimager.
Immunodepletion of individual transcription components from HeLa nuclear extracts
Protein A-immobilized agarose beads (Sigma, St Louis, MO) were incubated with antibodies against individual components, including TFIID (SI-1), TFIIH (Q-19), RNA Pol II (N-20) and XPA (FL-273) (Santa Cruz Technologies, Santa Cruz, CA) at 4°C for 1 h. The antibody-bound agarose beads were collected by centrifugation at 4°C for 10 min and washed with PBS twice. The HeLa nuclear extracts (Life Technologies, Gaithersburg, MD) were incubated with the antibody-bound agarose beads at 4°C for 2 h and the supernatant was saved after centrifugation at 4°C for 10 min. The efficiency of immunodepletion for individual transcription factors was confirmed by western blot analysis. The immunodepleted HeLa nuclear extracts were used for DNA repair assays.
Purification of XPA and XPC proteins
Both XPA and XPC proteins were purified by an immunoprecipitation procedure. Briefly, both XPA and XPC antibodies were incubated with protein A-immobilized agarose beads at 4°C for 1 h. The antibody-bound agarose beads were collected by centrifugation at 4°C for 10 min and washed twice with PBS. The HeLa nuclear extracts were incubated with the antibody-bound beads at 4°C for 2 h and the beads were collected by centrifugation. The beads were washed twice in PBS. The proteins were eluted from the beads by resuspending the beads in triethanolamine solution (50 mM triethanolamine pH 11.5, 0.1% Triton X-100 and 0.15 M NaCl) for 2 min and centrifugation at 4°C for 5 min. The supernatants were adjusted to pH ∼7.5 and desalted using a Centricon 10 device (Millipore, MA). The proteins were resuspended in 20% glycerol and stored at -20°C.
RESULTS
Detection of oligo AG30 triplex-mediated TCR in HeLa nuclear extracts
To determine whether triplex structures can stimulate DNA repair synthesis in HeLa nuclear extracts, both pUSAG15, which carries a SV40 promoter-derived luciferase gene with a 30 bp triplex-binding sequence, and pUSAG16, which carries a promoterless luciferase gene with the same triplex-binding sequence, were constructed ( Fig. 1) . Both plasmids were incubated with oligo AG30, a TFO that has been used previously and exhibits strong triplex-binding affinity (34) , to form a 30 bp triplex structure at the homopurine/homopyrimidine sequence of the plasmids. The plasmid-AG30 complex was incubated in HeLa nuclear extracts supplemented with rNTPs, dATP, dGTP, dTTP and [α-32 P]dCTP at 30°C for 2 h to allow transcription and DNA repair of the plasmid. Repair of DNA lesions in the plasmid would result in DNA repair synthesis and incorporation of [α-32 P]dCTP (Fig. 2) . As negative controls both plasmids were preincubated with oligo Mix30 (a control oligo that does not form stable triplexes with the plasmids) and were used as substrates for DNA repair assays. No significant DNA repair synthesis activity was detected with plasmid pUSAG15 pretreated with oligo Mix30 (Fig. 2, lane 1) . However, a very strong DNA repair synthesis signal was detected with plasmid pUSAG15 DNA preincubated with TFO AG30 (Fig. 2, lane 2) . A similar DNA repair pattern was also observed with plasmid pUSAG16 DNA in a parallel experiment (Fig. 2 , lane 5 versus lane 4). However, the level of [α-32 P]dCTP incorporation into AG30-treated pUSAG16 DNA was much less than that into AG30-treated pUSAG15 DNA. Phosphorimaging analysis indicated that the amount of [α-32 P]dCTP incorporation into AG30-treated pUSAG16 DNA was only 26% of that into AG30-treated pUSAG15 DNA in HeLa nuclear extracts (mean data from five independent experiments) (Fig. 2C) .
To determine whether the elevated levels of DNA repair activity observed with pUSAG15 and pUSAG16 DNA resulted from different levels of transcription in both plasmids an in vitro transcription assay was performed (Fig. 3A) . Indeed, the level of transcription of pUSAG15 was much higher than that of pUSAG16 in HeLa nuclear extracts (Fig. 3A,  lane 1 versus lane 2) . The reverse transcription results indicated that specific RNA transcripts initiated from the SV40 promoter were detected only in plasmid pUSAG15 DNA in HeLa nuclear extract (Fig. 3B, lane 2 versus lane 3) . All these results suggest that the difference in TFO AG30-mediated DNA repair activity with pUSAG15 and pUSAG16 was correlated with different levels of transcription of the plasmids in HeLa nuclear extracts and oligo AG30 triplex-mediated TCR.
Most of the DNA repair reactions described above were performed under conditions that favored in vitro transcription to enhance the transcription event. To determine whether transcription enhances triplex-mediated DNA repair activity, oligo AG30-mediated DNA repair was also investigated in HeLa nuclear extracts in which transcription was inhibited. In these assays transcription was inhibited by removal of rNTPs (except ATP) from the reactants, since the absence of rNTPs has been shown to inhibit transcription. The absence of rNTPs in the reactants greatly reduced the TFO AG30-mediated DNA repair activity of both pUSAG15 and pUSAG16 DNA to the background level (Fig. 2, lane 3 versus lane 2 and lane 6 versus lane 5). Since the rNTPs provided in the reactants were used only for transcription, the absence of rNTPs should only lead to transcription inhibition. These results strongly suggest that TFO AG30-mediated DNA repair activity in both pUSAG15 and pUSAG16 DNA directly results from AG30 triplex-mediated transcription inhibition and transcription inhibition-mediated TCR.
The requirement for individual transcription components in the AG30 triplex-mediated DNA repair process
To determine the role of individual transcription components in the triplex-mediated TCR process TFO AG30-mediated TCR was studied in immunodepleted HeLa nuclear extracts (Fig. 4) . Transcription components, including TFIID, TFIIH and RNA Pol II, as well as the nucleotide excision repair (NER) component XPA, were individually immunodepleted from HeLa nuclear extracts and depletion efficiency was confirmed by western blot hybridization assay (data not shown). The immunodepleted HeLa nuclear extracts were then used to study TFO AG30-mediated DNA repair of pUSAG15. Depletion of any of these individual components resulted in reduced levels of TFO AG30-mediated DNA repair activity with pUSAG15 in HeLa nuclear extracts. Because of the roles of TFIID, TFIIH and Pol II in transcription, this result suggests that transcription was indeed essential for TFO AG30-mediated DNA repair activity, and depletion of individual transcription components resulted in diminished AG30 triplexmediated DNA repair activity with pUSAG15 in HeLa nuclear extracts. Depletion of XPA from HeLa nuclear extracts also led to a diminished level of AG30 triplex-mediated DNA repair activity with pUSAG15. This result indicated that the NER pathway is also involved in AG30 triplex-mediated TCR. This result is consistent with our previous targeted mutagenesis studies (34) .
Involvement of the TCR pathway and XPC protein in the oligo AG30 triplex-mediated DNA repair process
The results obtained from DNA repair experiments indicated that TCR is the mechanism for overcoming AG30 triplexmediated transcription blockage. However, the involvement of TCR in the triplex-mediated DNA repair process has not been directly tested. The role of GGR, which is thought to be the mechanism for removing DNA damage from non-transcribed DNA in living cells, in the triplex-mediated DNA repair process is also unclear. To address these questions we studied oligo AG30 triplex-mediated DNA repair in nuclear extracts prepared from XPC cells, which have a defective GGR pathway, and CSA cells, which have a defective TCR pathway (Fig. 5) . As controls, AG30 triplex-mediated DNA repair was studied in nuclear extracts prepared from XPA cells, which have defective NER, and nuclear extracts prepared from human NF, which have normal DNA repair. TFO AG30 triplex-mediated DNA repair of pUSAG15 was found to be defective in XPA, XPC and CSA nuclear extracts (Fig. 5, lanes  3, 5 and 9 ). However, when nuclear extracts of XPA and XPC cells were supplemented with purified XPA and XPC proteins, respectively, AG30-mediated TCR activity of pUSAG15 was detected (Fig. 5, lanes 4 and 6) . In contrast, when purified XPA protein was added to XPC nuclear extract and purified XPC protein was added to XPA nuclear extract, TFO AG30-mediated DNA repair activity was not detected (Fig.5, lanes 7  and 8) . In a complementary experiment in which both XPC and CSA nuclear extracts were provided, TFO AG30 triplexmediated TCR activity was partially restored (Fig. 5 , lane 10 versus lanes 5 and 9). As a positive control, AG30 triplexmediated DNA repair activity with pUSAG15 was detected in nuclear extracts prepared from NF as expected (Fig. 5 , lane 2 versus lane 1). These results suggest that the XPA, XPC and CSA proteins are required for AG30 triplex-mediated TCR.
DISCUSSION
TCR plays a very important role in removing DNA damage from highly transcribed DNA regions of living cells and abnormal TCR may contribute to the development of many human diseases, including cancer, age-related diseases and neurodegenerative diseases; however, the molecular mechanism of TCR is not well understood. In this study, using oligonucleotide triplex formation to inhibit transcription, we have investigated TFO AG30 triplex-mediated DNA repair in HeLa cell nuclear extracts. Using plasmid constructs we have demonstrated that a TFO AG30 triplex stimulated much higher DNA repair activity in plasmids containing a mammalian promoter than plasmids lacking mammalian promoters in HeLa nuclear extracts. Our in vitro transcription assay also demonstrated that the level of transcription was much higher in the promoter-containing plasmid than the promoter-lacking plasmid in HeLa nuclear extracts. Therefore, the levels of TFO AG30-mediated DNA repair activity were directly correlated with the levels of transcription of the plasmids. This result is consistent with our previous observation that TFOs with stronger transcription inhibition induced stronger DNA repair activity and a higher mutation frequency than TFOs with weaker transcription inhibition (34) . This result suggests that HeLa nuclear extract provides a good in vitro system to study the molecular mechanism of TCR. Oligonucleotide triplex structures provide an ideal system to inhibit the transcription of target genes in a sequence-specific manner and promote TCR. Triplex-mediated DNA repair activity has been further linked with transcription by the transcription inhibition results. We hypothesized that triplex-mediated DNA repair was caused by triplex-mediated transcription inhibition and TCR. Therefore, most DNA repair assays were performed under conditions that favored transcription of the plasmid, by supplementing the reactants with rNTPs. However, when rNTPs were omitted from the reaction TFO AG30-mediated DNA repair activity in HeLa nuclear extracts was reduced to a level similar to the background. Immunodepletion of RNA Pol II activity in HeLa nuclear extracts also greatly reduced TFO AG30-mediated DNA repair activity in the extracts. Since both rNTPs and RNA Pol II are used in transcription, omission of rNTPs or depletion of RNA Pol II should only lead to transcription inhibition. Therefore, the observed reduced levels of DNA repair activity with the plasmid DNA strongly suggest that transcription is essential for TFO AG30-mediated DNA repair activity in HeLa nuclear extracts. Collectively, these results indicate that TFO AG30-mediated DNA repair activity resulted from TFO AG30 triplex-mediated transcription inhibition and TCR in the plasmid.
The involvement of individual transcription components in TFO AG30 triplex-mediated DNA repair has been determined in this study. Using antibodies against specific components, transcription factors TFIID, TFIIH, RNA Pol II and the NER component XPA were individually immunodepleted from HeLa nuclear extracts. Our TFO AG30-mediated DNA repair assay indicates that depletion of any of these individual components from HeLa nuclear extracts resulted in diminished or reduced levels of TFO AG30-mediated DNA repair activity in the plasmid DNA. The requirement for TFIIH in TFO AG30 triplex-mediated TCR is in agreement with the published data that TFIIH is required for TCR (14) . Our studies show that the transcription factor TFIID is required for TFO AG30 triplexmediated TCR. This result was expected, since studies have demonstrated that recognition and binding of TATA-binding protein (TBP), a component of TFIID, to promoter regions of target genes is the initial step of RNA Pol II-related transcription. Therefore, depletion of TFIID from HeLa nuclear extracts is expected to completely abolish RNA Pol II-related transcription. RNA Pol II is the polymerase used in synthesis of mRNA, therefore, depletion of RNA Pol II from HeLa nuclear extracts is expected to inhibit transcription and reduce TFO AG30 triplex-mediated TCR activity in the plasmid. Depletion of XPA from HeLa nuclear extracts resulted in diminished TFO AG30 triplex-mediated DNA repair activity. This result is consistent with our previous observation that the NER pathway is required for triplex-mediated targeted mutagenesis (34) and it provides direct evidence for the involvement of NER in triplex-mediated DNA repair and targeted mutagenesis.
Low levels of DNA repair activity were detected in TFO AG30-bound pUSAG16 plasmid DNA in HeLa nuclear extracts. This result was unexpected, since the plasmid lacks a normal mammalian promoter and no transcription should occur in the plasmid. However, our in vitro transcription assay detected a low level of transcription of plasmid pUSAG16 in HeLa nuclear extracts. The reverse transcription result for pUSAG16 also indicated that a certain level of non-specific transcription occurs with pUSAG16 in the HeLa nuclear extract system. Therefore, the low level of TFO AG30 triplexmediated DNA repair with plasmid pUSAG16 DNA may result from low levels of transcription of the plasmid. However, we could not exclude the possibility that the low level of DNA repair activity detected with pUSAG16 resulted from GGR activity, since the GGR pathway also exists in HeLa nuclear extracts. The GGR enzymes may recognize the AG30 triplex structure in pUSAG16 and lead to repair of the plasmid. However, a slower repair rate of GGR may lead to a much lower level of DNA repair activity with plasmid pUSAG16.
The absence of TFO AG30 triplex-mediated DNA repair activity in CSA cells indicates the direct involvement of TCR in the TFO AG30-mediated DNA repair process. This result is consistent with our previous observation that the TCR pathway is required for triplex-mediated targeted mutagenesis (34) . The absence of TFO AG30 triplex-mediated DNA repair activity in XPC cell nuclear extracts suggests that XPC protein is also involved in triplex-mediated TCR. This result was not predicted since XPC protein was identified as a component of GGR (21) . However, recent studies have demonstrated that XPC protein possesses a much higher binding affinity for damaged DNA than either the XPA or RPA proteins (38) . Other studies demonstrated that XPC protein serves as an initiator of the GGR pathway (21) . It is possible that XPC protein may serve as a universal DNA damage recognition protein that recognizes and binds to a broad range of DNA damage with high affinity in living cells regardless of the nature of transcription of the DNA damage sites. The CSA/CSB proteins may help to recruit DNA repair enzymes quickly to DNA damage sites of transcribed DNA regions, leading to more rapid DNA damage repair in highly transcribed DNA regions. Unfortunately, very little is known about the interaction between XPC and other proteins in DNA repair, especially in TCR, except that it has been shown that XPC protein interacts with HHR23B and HHR23A in vivo (39) . It will be important to determine the interaction between XPC and other components in the DNA repair process, especially in the TCR process.
Although a wealth of data has suggested the existence of intracellular triplex structures in living cells (40) (41) (42) (43) (44) (45) (46) (47) (48) , very little is known about the role of intracellular triplexes in causing DNA repair and mutagenesis. In our previous studies triplexes were demonstrated to lead to targeted mutagenesis (34) . Therefore, it is possible that intracellular triplexes may lead to genetic instability and contribute to the development of many human diseases, such as cancer, age-related diseases and neurodegenerative diseases. The work presented in this study provides an important understanding of the molecular mechanism of triplex-mediated TCR and genetic instability. The knowledge obtained from this study may also help provide a molecular basis for the development of many human diseases.
